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ABSTRACT
Masa Miscevic: Development of a Gel Assay for Analysis of Bovine Milk Casein
(Under the direction of Dr. Susan Pedigo)
The main purpose of this research was to develop a gel assay for analysis of casein samples for
ultimate application for studies of in vitro models for stomach and intestinal processing of dairy
products in adults and infants. It is proposed that casein completely dissolves and is digestible in
simulated gastric, and is somewhat soluble and digestible in simulated intestinal environments of
adults and infants. The following experimental methods were devised to thoroughly examine
behavior and properties of casein originating from different sources in range of solvents and
varying pH values. First, casein was enriched in comparison to soluble materials by centrifugation
from skim and whole milk samples, and then SDS-PAGE was utilized to analyze and compare skim
milk casein, enzymatic hydrolysate casein, and whole and skim milk samples in a range of solvents
to validate casein extraction. We found that skim and whole milk caseins are structurally the same
and not influenced by fat content in milk, and that both experimental and commercial caseins
dissolve well in urea binding buffer, SDS, and sodium hydroxide, and not well in acetic acid. Casein
bands corresponded to values in the literature. We found that the SDS-PAGE results were highly
dependent upon the initial solubility of casein. In acidic solutions, the casein formed curds,
intractable material for the purpose of gel analysis. Subsequently, SDS-PAGE analysis and
comparison was done on skim and whole milk caseins and casein standard solutions which were
dissolved in sodium hydroxide to determine resolution of the gel in highly basic solution, a
condition which would quench protease activity in our in vitro assay of pepsin and trypsin activity.
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INTRODUCTION

Dairy products are an integral part of daily diet of many adults because of the high
nutritional value provided by complex macromolecules. (19) Milk, as one of them, is a
complex heterogeneous mixture: a colloidal emulsion of fat globules, a colloidal
suspension of casein micelles, an aqueous solution containing soluble lactose, whey and
lactoglobulin proteins, and some minerals. A colloid has a dispersed phase (the suspended
particles) and a continuous phase (the medium of suspension), and its dispersed phase does
not settle or would take a very long time to settle. In “colloidal emulsion,” which is a
mixture of heterogeneous liquids, the immiscible substances (butter fat and water in milk)
interact together by dispersion of phospholipid-coated fat globules throughout the aqueous
layer. Similarly, “colloidal suspension” also refers to a heterogenous mixture whose
dispersed phase is a solid sufficiently large for sedimentation. Although milk is
characterized as colloidal suspension due to casein presence, casein does not fit the
characteristics of usual solid considered to give such properties (size of casein is around
0.04 to 0.3 µm in diameter, much smaller than 1 µm in diameter requirement of size of
particles which usually make suspensions). The colloidal properties of milk is why it is
white.
The largest portion of milk is water (87.7%), then lactose, a disaccharide (4.9%),
lipids (3.4%), proteins (3.3%), and minerals (0.7%). (6) Protein-wise, the most abundant
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proteins in milk are caseins (α, β, and κ) which make up 80% of total protein content. (14)
Caseins belong to a family of phosphoproteins, and are comprised of four casein protein
types, which exist in 4:1:4:1 ratio by weight: α-s1, α-s2, β, and κ-casein, respectively. (10,
14) There has been a lot of controversy how these caseins assemble to create a casein
“micelle,” but in general, there are two models discussed. The first model of casein micellesubmicelle model- was proposed by Schmidt, in which caseins in aqueous solution are
thought to aggregate via hydrophobic protein-protein interactions into small subunits,
linked by small calcium phosphate clusters. (5) On the contrary, dual binding model
proposed by De Kruif and Holt, and extended by Horne, proposes that micelle formation
in aqueous solution occurs on two fronts. At first, hydrophobic regions of different casein
proteins associate to stabilize the core of the micelle, and then phosphorylated hydrophilic
regions (loops) of these contributing proteins are phosphorylated at serines and sequester
calcium as calcium phosphate. (10) Casein assembling process is still unexplored, but it is
widely accepted that it starts in the lumen of endoplasmic reticulum (ER) of lactating cells,
where they self-associate via secondary protein structure without traditional protein
folding. This means that there is little to no tertiary structure of casein proteins, but protein
elements assemble directly from their secondary to quaternary structures. (5) All three
protein genes are located on chromosome 6q31, but are assembled individually. α-casein
is a result of CSN1S1 gene expression, which yields monomeric units cross-linking at Cterminal via residues 136 and 160, usually contained in the hydrophobic region of the
micelle. It can additionally form dimers and hexamers to act as a micelle assembler and is
pH-dependent. (5) β-casein is expressed from CSN2 gene and exists as monomeric unit
which assembles later into a micelle according to De Kruif, Holt, and Horne model. Finally,
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κ-casein is a glycoprotein with negatively charged sialic acid residues and contains
disulfide bonds, assembling into all polymer types between dimers and octamers. (5) After
individual and mutual assembly in ER, the structure is sent to Golgi apparatus where an
ATPase-driven calcium pump increases calcium concentration and a Golgi membraneassociated kinase phosphorylates α- and β-caseins. Serines are the primary sites of
phosphorylation. (5) There is a clear distinction between calcium-sensitive and calciuminsensitive caseins. Namely, different casein types have different affinities for calcium,
thus α- and β- caseins are calcium-sensitive and thus more phosphorylated than κ-casein,
while κ-casein is considered to be calcium-insensitive. (14) Several studies using photon
correlation spectroscopy have been done to determine the influence of calcium on micelle
formation. The results showed that increased calcium concentration in the environment, as
expected, binds a bulk of α- and β caseins, but as well decreases negative charge density
of κ-casein, allowing for contact between neighboring micelles. Indeed, grazing-incidence
small-angle scattering studies showed that α- and β- caseins mainly reside on the inside,
while κ-casein is outside the micelle structure. (14) The bulk of contribution to
thermodynamic stability of casein micelle in aqueous solution is made by κ-casein, which
extends its C-termini into a solution to form so called “hairy layer.” This layer is
conformationally extended into the environment and presents one of the steric stabilization
mechanisms. The existence of κ-casein on the micelle surface prevents unlimited growth
of micelle by shielding its hydrophobic interactions with overall negative charge density.
(14) Additionally, novel research shows that when casein is digested, κ-casein might also
play a key role in inhibiting H. pylori adhesion to human gastric mucosa because it acts as
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a glycoprotein analogue to surface-exposed plasma membrane carbohydrate structures on
gastric mucosa which this bacterium attaches to. (10)
When digested, these proteins have a myriad of functions. For example, β-casein plays
a major role in efficient calcium and phosphate transportation, as it contains large amounts
of phosphorylated serine and threonine amino acid residues close to the protein’s Nterminus where they can readily bind to environmental calcium. (5, 10, 14) Approximately
1 mM casein binds 10 mM calcium phosphate. (14) Other physiological importance
includes opioid, immunomodulating, antibacterial, antiaggregating, and antithrombotic
effects. (2) Moreover, calcium as a byproduct of casein digestion is the most abundant
mineral in the human body and plays a vital role in formation of the skeletal system and
teeth, contractions of skeletal and cardiac muscles, cell signaling in nervous system, and
modulating basic physiological functions of the cells. (6) For example, adequate calcium
intake is necessary for healthy bone and bone fracture prevention, especially in elder
women. Intake of about 1,000 mg of calcium per day is recommended for both women and
men from age 19. Research shows that calcium in dairy products in the form of calcium
phosphate is more easily taken as a nutrient than any other form is, which proposes a
question of mechanism of stomach and intestinal processing of dairy products and
transportation of calcium phosphate throughout the body. (6) The stabilizing effect of
calcium phosphate entities on the micelle is also of great importance. As calcium phosphate
in dairy products is bound by the casein phosphoproteins, stomach and intestinal processing
of casein and calcium phosphate, and its deposition in skeletal system must depend on
disrupting these interactions by manipulating pH of the tissue environment. Therefore, the
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main purpose of this research was to determine pH dependency of casein via in vitro
models for stomach and intestinal processing of dairy products in adults and infants.
Human digestion is an active process of mechanical and enzymatic impact on food
particles. It starts with chewing food in the mouth, and secretion of salivary enzymes, such
as amylase and lingual lipase. These enzymes break down carbohydrates and lipids,
respectively. Then, the partially digested food (bolus) is transported through the esophagus
to the stomach by peristalsis motion. Bolus is a trigger for stomach to secrete gastric juice
composed of pepsin and lipase enzymes responsible for protein and lipid digestion,
hydrochloric acid which regulates and sets pH during digestion to be around 1.5, and mucus
which protects stomach lining. Additionally, peristaltic waves of stomach smooth muscle
cells allow for mechanical breakdown of large particles by grinding and mixing. After
fifteen minutes to three hours, which is how long this part of digestion can last, the highly
acidic chyme (small particles) is moved through pylorus to the beginning part of small
intestine, duodenum, where it is neutralized with sodium bicarbonate to pH between 6 and
7.5

for

optimum

working

environment

of

pancreatic

enzymes

trypsinogen,

chymotrypsinogen, procarboxypeptidases, pancreatic prolipases, etc. These enzymes are
in a zymogen form, which means that they become active only when their inhibitor part is
cleaved off due to a chemokine signal upon the arrival of the chyme. Therefore, with the
activating proteolytic action of serine protease enteropeptidase on specific cleavage site of
trypsinogen (Asp-Asp-Asp-Asp-Lys), trypsin becomes an active form which activates the
cascade of proteolysis of other zymogens: chymotrypsinogen to trypsinogen,
procarboxypeptidases to carboxypeptidases, etc. These pancreatic enzymes continue the
proteolysis of the chyme, but could also have a function in breaking down remaining
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carbohydrates and lipids. Specifically, bile salts (produced by liver) emulsify dietary fats
into small droplets to promote pancreatic lipase activity. The small intestine is a hotspot
for water and nutrient absorption, and non-absorbed material is moved with peristaltic
waves to large intestine (colon), where the remaining water and electrolyte absorption
occurs, as well as fermentation of polysaccharides and proteins by colonic microbiota,
reabsorption of bile salts, and formation, storage, and elimination of feces. Digestion
process, in general, is controlled by myriad of hormonal and neural mechanisms, especially
digestive hormones and autonomic and enteric nervous systems. In addition, gut-associated
lymphoid tissue (GALT) residing in digestive tract, plays an important role in the immune
system. (7)
Specific parts of digestion system which are of interest for this research are stomach
and small intestine due to their intriguing ability to adjust their pH values depending on the
stage of digestion. Moreover, their ability to reach certain pH value also depends on human
developmental stage, so there are slight differences in pH environments of stomach and
small intestine of adults and infants. Research shows that gastric environment of infants is
between pH 2 and 2.5, while duodenal is at 6.4. (1) Adult gastric pH range is similar: 1.5
to 2 and duodenal pH range 6.4 to 7.4. (12) It is known that gastric proteolysis in infants is
limited by low proteolytic enzyme concentration and relatively high pH, thus these range
differences could play a vital role in how casein is digested in adults and infants, and give
more information about the impact of casein digestion products as allergens or antibacterial
substances. (2,18) For example, it is known that bovine milk allergy is one of the first
childhood allergies which can be outgrown by the age of four, and it is caused by β-casein.
(1) Extensive research has been done on characterization of casein peptide products yielded
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by digestion in infants: most peptides derived were from β-casein (52% of identified) and
were phosphorylated at serine, threonine, and tyrosine residues which are heavily present
on β-casein. (12) Its mechanism of action, however, is still unclear. What makes this study
interesting is that infant fecal studies show that infants up until one-year-old do not digest
the diversity of proteins found in breast milk (lactoferrin, secretory immunoglobulin A),
except for casein. (10) This is thought to be due to possible role of casein peptides in
creating protective layers on epithelial monolayer of stomach and small intestines, as it was
shown during the studies of protective role of κ-casein previously mentioned, for example.
(10)
The first step towards characterizing such functions is characterizing casein behavior
in different pH environments, which was a focus of this research. Fluorescence studies on
casein digestion done on healthy adults, both men and women, showed that casein starts
precipitation at pH between 2 and 3, becomes more compact and precipitates at pH 5.5,
and loses rigidity at pH between 5.5-12, but is still very compact. These conclusions were
based on comparison of tryptophan fluorescence peaks at various pH values, which had a
blue shift with the increasing pH. (10) The observations at very acidic pH values were
explained by protonation of amino acids such as aspartate and glutamate. Then, since the
pI value of casein is around 4.6, casein has a net charge of 0 at pH 5.5 and a precipitate
forms. Finally, complete deprotonation of carboxylic groups of aspartic and glutamic acids
and eventual neutralizing of the basic amino acids introduces changes in the casein micelle,
including electrostatic repulsion and destruction of salt bridges, which make casein less
rigid. This correlates to pH conditions of gastric and intestinal environments, where casein
would be the most soluble in very acidic environment of stomach and somewhat, but still,
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soluble in basic environment of intestines. It is proposed then, for the purpose of simulating
gastric and intestinal environments of adults and infants in vitro, that casein completely
dissolves and is digestible in simulated gastric, and is somewhat soluble and digestible in
simulated intestinal environments of adults and infants. As we shall see later, this is not the
case in practice.
Developing methods for analysis of milk proteins and calcium and simple in vitro
models for stomach and intestinal processing of milk products in adults and infants
contribute to efforts of discovering how calcium could be effectively introduced to
calcium-deficient bones, and could be applied for further advancement in dairy products
manufacture and treatments of nutritional disorders related to dairy, as well as help develop
experimental methods on milk analysis which can be utilized in undergraduate
biochemistry and nutrition and dietetics class laboratories.
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METHODS

The following experimental methods were devised to thoroughly examine behavior
and properties of casein originating from different sources in range of solvents and varying
pH values. The experiments were categorized into four groups, based on the results yielded
from each previous experiment, which can be seen in the Data, Results, and Discussion
section. These categories are: I. casein separation from skim and whole milk samples by
centrifugation, II. SDS-PAGE analysis and comparison of skim-milk casein, enzymatic
hydrolysate casein, skim and whole milk solutions in a range of solvents to validate casein
purification, III. analysis of pH dependency of casein standard (commercial), and finally,
IV. SDS-PAGE analysis and comparison of skim and whole milk caseins and casein
standard (commercial casein) solutions using sodium hydroxide as a solvent. The net result
of these experiments is that we established the gel assay for fractions from in vitro models
for stomach and intestinal processing of dairy products in adults and infants.

I. Casein Enrichment by Centrifugation from Whole and Skim Milk Samples
This method was adapted from Petersen. (12) The whole and skim milk samples of
choice were Prairie Farms™ Skim and Whole Milk, which were chosen based on the
accessibility in nearby Starbucks™ location, and centrifugation as an enrichment method
due to the simplicity of the method, accessibility of the instrumentation and equipment and
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high rate of successful enrichment as presented in Petersen. (12) To two standard 15 ml
centrifuge tubes, 5 ml of whole and skim milk samples were added and the tubes were
placed into a warm water bath. A warm water bath was assembled by placing a 250 ml
beaker filled three quarters of the volume (~ 180 ml) with water onto a hot plate, and letting
the water heat up to no more than 40°C to mimic normal human body temperature. Upon
placing the test tubes into a warm water bath, ten drops of each 1.75 M acetic acid and a
solution of 1 M sodium acetate were added to each tube, and their pH was recorded and
monitored. After fifteen minutes in the water bath, the tubes were removed and centrifuged
first for 5 minutes, and then as needed, until the clear separation between their casein pellets
and supernatants was observed. The casein pellets were transferred into new tubes, to
which 2 ml aliquots of distilled water were added until the pellets were partially dissolved.
The amount of distilled water added varied for both samples. To accelerate the solvation
process, centrifuge tubes with dissolving casein pellets were vortexed after every distilled
water aliquot addition. The test tubes were centrifuged one more time before separating the
casein pellets from distilled water. Additionally, to completely dry them, the casein pellets
were washed with two 2 ml aliquots of acetone and ether. To assess the solubility of
enriched casein in basic environment, a small portion of casein (close to 3 mg) was
successfully dissolved in a 5 ml aliquot 0.25 M sodium hydroxide, which was a property
used in the experimental method part IV.
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II. SDS-PAGE Analysis and Comparison of Skim Milk Casein, Enzymatic
Hydrolysate Casein, Skim and Whole Milk Solutions in a Range of Solvents to
Validate Casein Enrichment
To validate casein extraction, two sets of experiments were performed. The first
one involved SDS-PAGE analysis and comparison of the casein enhanced sample to its
skim milk sample origin, enzymatic hydrolysate casein (N-Z Amine A, Sigma Chemical
Company, Catalog no. C-7290), and whole milk sample in a range of solutions. The whole
milk sample of choice were Prairie Farms™ Whole Milk, which was chosen based on the
accessibility in a nearby Starbucks™ location.
Sample Preparation and Running SDS-PAGE
The samples were prepared by transferring 0.3 g of casein enhanced samples and
enzymatic hydrolysate caseins into six separate Eppendorf tubes, having three tubes per
sample. This was also done with milk samples: 200 µl of both skim and whole milk were
transferred into six separate Eppendorf tubes, having three tubes per sample as well. Then,
1 ml of 6 M Urea in PBS, 1 ml of 900 µl 10% SDS + 100 µl SEC buffers (2 mM HEPES
+ 140 mM NaCl at pH=7.4), and 800 µl 1 M sodium acetate were added to each of twelve
tubes, and the tubes were vortexed to accelerate the solvation process. These three solvents
were chosen based on the availability of solvents in laboratory, as well as to allow for the
range of pH values of solutions (urea binding buffer is basic (pH 8), sodium acetate is basic
(pH 8), and SDS solution (pH 7.4)). To run these sample on SDS-PAGE, 20 µl of each
sample (total of twelve test tubes) was transferred into new Eppendorf tubes and 20 µl of
2x reducing loading buffer was added to each sample. Finally, the tubes were heated on a

11

rack in boiling water for exactly two minutes, and gel wells were loaded with 5 µl of each
sample, and electrophoresed at 200 V for 1 hour.

III. Analysis of pH Dependency of Casein Standard via SDS-PAGE: Simulation of
in vitro Models for Stomach and Intestinal Processing of Dairy Products in Adults
and Infants
As discussed in details in the Data and Results, and Discussion sections, the most
appropriate solvent for casein was determined to be sodium hydroxide. Thus, this property
was utilized to simulate stomach and intestinal pH environments of adults and infants.
Solubility of Casein in sodium hydroxide
As stated earlier, it was observed that casein-enhanced samples dissolve well in
sodium hydroxide. Thus, to evaluate solubility of casein standard (commercial casein) in
sodium hydroxide, 1

!"
!#

casein stock solution was run on an SDS-PAGE in varying

volumes of gel loads and protein content. This solution was made by dissolving 10 mg of
casein standard with 10 ml 0.25 M sodium hydroxide solution. The 100 ml 0.25 M sodium
hydroxide solution stock was prepared by dissolving 1 g of sodium hydroxide in 100 ml
distilled water.
Analysis of pH Dependent Migration of Casein Standard via SDS-PAGE
Stock solutions of pH made were pH 13, 6.4, 4.6, and 3.52, with the addition of 0,
1.32 ml, 2.8 ml, and 10 ml of 1.75 M acetic acid solution to 10 ml 0.25 M sodium hydroxide
solution. Casein protein stocks were made by dissolving 5 mg of casein standard (EMD
Millipore™ Casein, Bovine Milk, Protein, Millipore Sigma 21868025GM, Fisher
Scientific) in 5 ml of each pH stock, to a total of four samples at four different pH values.
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As it was observed that casein did not dissolve well in solutions with lower pH values (pH
3.52 and 4.6), those solutions were transferred into centrifuge tubes and first centrifuged
for 10 minutes, then vortexed for 15 minutes, and the process was repeated as necessary to
suspend casein curds uniformly. Next, 10 µl of each sample was transferred into Eppendorf
tubes and 10 µl of 2x reducing running buffer dye was added to each sample. Upon the
addition of the 2x reducing buffer dye to Eppendorf tubes with 10 µl pH 3.52, and 4.6, the
solutions turned from clear to yellow-green, which meant that their acidity was too high to
be run on the gel. This problem was solved by adding 20.5 µl Tris buffer to 10 µl pH 3.52,
and 1.1 µl Tris buffer to 10 µl pH 4.6. While the Eppendorf tubes were heated on a rack in
boiling water for exactly two minutes to prepare them for gel loading, dilution of these two
samples (as described above) was accounted for the total load of these samples on the gels.
Calculations were performed as presented in Supplemental Information to determine
load amount. Overall, the aim was loading close to 5 µg of protein on the gel, independently
of total volume of load on the gel. All other samples (pH 13, 6.4) as well as pH 4.6 were
loaded as 10 µl of the solution, while pH 3.52 was loaded as 20.25 µl of solution.
Setting Up SDS-PAGE for All Four Experimental Categories
The electrophoresis apparatus was set up so that the gel side of the two gel plates
used were placed towards the inside of the apparatus. All electrophoresis equipment was
purchased from Bio Rad® Laboratories. The running buffer was prepared by combining
35 ml 10x Tris-glycine running buffer, 3.4 ml 10% SDS, and distilled water up to 350 ml,
which was the final volume. SDS-PAGE gels (17%) were prepared by making first
separating, and then stacking gel in two 50 ml conicals. Separating gel was prepared by
dissolving 2.2 ml distilled water, 1.3 ml 80% glycerol, 5.0 ml separating buffer, 200 µl
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10% SDS, 11.4 ml acryl:bis 29:1, 70 µl 10% APS, and 7 µl TEMED, and stacking gel by
dissolving 4.75 ml distilled water, 2.5 ml stacking buffer, 100 µl 10% SDS, 1.7 ml acryl:bis
29:1, 90 µl 10% APS, and 9 µl TEMED. Both solutions were degassed by gently mixing.
Separating gel was pipetted into the gel cassettes and butanol pipetted on top of the gel was
used to remove any bubbles, and after around half an hour, stacking gel was pipetted into
the gel cassettes. It took around half an hour to forty minutes for each part of the gel to
completely solidify.
Gels were electrophoresed at 200 V for 1 hour. The gels were stained using
Coomasie Brilliant Blue staining solution (1.5 g Coomassie Brilliant Blue R-250 dissolved
in 450 ml HPLC-grade methanol, 100 ml glacial acetic acid, and 450 ml distilled water)
and destained with solution of 750 ml distilled water, 200 ml methanol, and 50 ml acetic
acid.

IV. SDS-PAGE Analysis and Comparison of Skim and Whole Milk Casein and Casein
Standard Solutions Using sodium hydroxide as a Solvent
Small portions of skim and whole milk caseins (close to 3 mg), and 5 mg obtained
casein standard were dissolved in 5 ml 0.25 M sodium hydroxide in 15 ml centrifuge tubes,
vortexing the tubes to accelerate solvation process. Then, 20 µl of each sample was
transferred into Eppendorf tubes and 20 µl of 2x reducing running buffer dye was added to
each sample. The tubes were heated on a rack in boiling water for exactly two minutes, and
one gel well was loaded with 5 µl of each sample set to run at 200 V current.
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DATA, RESULTS, AND DISCUSSION

In this section the results of the experiments will be presented and discussed. Since
Methods section I was preparation of samples only, this chapter starts at Methods section
II in which the prepared samples were analyzed by SDS-PAGE.
II. SDS-PAGE Analysis and Comparison of Skim Milk Casein, Enzymatic
Hydrolysate Casein, Skim and Whole Milk Solutions in a Range of Solvents
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is one of
the most common protein separation methods which uses a discontinuous polyacrylamide
gel as a medium because it contains small pores ideal for protein separation, and sodium
dodecyl sulfate (SDS) (or lauryl sulfate) to denature proteins. SDS is an “anionic
detergent”, which means that when dissolved, its molecules have a net negative charge
within a wide pH range. The twelve carbon hydrophobic tail (12-C) is associated with the
hydrophobic moieties in the polypeptides and causes the proteins to denature. The
negatively charged head groups then give the protein an overall negative charge. In
addition, the negative charge on SDS binds positively charged residues on polypeptide
chains, contributing to the overall negative charge. Proteins in SDS typically have a
uniform charge-to-mass ratio such that the entire length of the denatured protein migrates
uniformly in a potential field. The mobility of such complex through the gel depends on
size and shape of the protein of interest, so SDS-PAGE separates proteins based on their
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size due to cross-linking in the gel matrix. Smaller proteins migrate towards anode faster
than larger proteins, which means that proteins which appear on top of the gel have higher
molecular weight, and the ones migrating further toward the anode are proteins of lower
molecular weight. SDS-PAGE was a method of choice for these sets of experiments
because of its speed, simplicity, and resolving capability. (14) We were interested in
whether we could use enzymatic hydrolysate of casein to validate casein extraction from
skim milk and whole milk samples, so those samples are in the gel. The range of solvents
including 1 M sodium acetate, urea binding buffer, and 10% SDS was chosen to determine
the solvent which would give the most separated and prominent molecular bands. (Figure
1 A. and B.)
Figure 1: SDS-PAGE Analysis of Casein from milks.

Panel A.

A. SDS-PAGE was done on skim milk casein, enzymatic hydrolysate casein, skim and whole milk solutions
dissolved in 1 M sodium acetate (pH 8) and urea binding buffer (pH 8) to compare band distribution of casein.
Sample types corresponding to their lane numbers are given in Table 1. They were categorized on the gel by
the solvent used, so on this panel, that are 1 M sodium acetate and urea binding buffer.
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Panel B.

B. SDS-PAGE was performed identical fashion to part A above except that milk solutions were dissolved in
10% SDS
SDS-PAGE- Figure 1 A and B
lane number

0

sample type

molecular
ladder

1, 5, 9
enzymatic
hydrolysate
casein

2, 6, 10
skim milkenriched in
casein

3, 7, 11

4, 8, 12

whole milk

skim milk

Table 1. SDS-PAGE Legend A Corresponding to Figure 1 A and B. This table lists sample types
corresponding to their lane numbers.

The resulting gel shows good overall band separation, as significant single
molecular bands from each lane could be observed and recorded for further analysis. The
gel was loaded based on the solvent used for each type of sample, and corresponding lane
numbers for each sample are given in Table 1. When comparing each sample type in
different solvents, it can be observed that the type of solvent did not affect the structure of
the sample as there is roughly the same number of corresponding molecular bands for each
sample type. The obvious bands in the center of the gels are casein, and are very similar in
all of the protein samples and buffers. However, for all four types of samples, band
separation at migration distance range between 7 and 11 mm shows very poor band
separation due to similarity in the molecular weights of these proteins. A standard curve
17

was prepared based on the migration of proteins of known molecular weight; the migration
of the proteins varies linearly with the log of MW. The equation for the best fit line is y =
-0.0244 x + 1.8458.

Figure 2. Standard Curve of Molecular Weight (MW) vs Migration Distance

Figure 2: A standard curve was constructed from the known molecular weight (MW) (kDa) of protein
standards plotted as a function of migration distances. The data were then fit to a liner equation to yield y =
-0.0244 x + 1.8458. This equation was used to determine the apparent MW of the casein bands in the gels
(Figure 1).

Figure 2 illustrates the regular migration of standard bands, and the fit of the data
to a linear function. The standard curve was then used to estimate the molecular weight of
the casein bands in the experiment in Figure 1. The MWs of the bands were calculated and
are reported in Table 2. Results from the Figure 1 and Table 2 suggest that the most weight
percent of skim and whole milk is casein, as three out of four samples show molecular band
pattern corresponding to migration distance range of 7-11 mm regardless of the solvent.
Enzymatic hydrolysate casein sample shows only no significant bands indicating that it
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was definitely hydrolyzed, and therefore is not a good standard casein sample. To assess
the identity and purity of enriched casein samples, their molecular band patterns on the
SDS-PAGE gel were compared to a casein standard in a single solvent, but in a later
experiment. Additionally, as presented in Table 2, it is suggested that the range of protein
components of what is suspected to be casein has molecular weights between 18 and 32
kDa (Table 2). The sample in lanes 6 and 10 is overloaded which is consistent with the
concentration of casein proteins in the enriched skim milk sample relative to whole milk.
In addition, there is more protein on the gels when a denaturant is employed (SDS or urea).
The protein is apparently not as soluble in acetate as there is less protein in those lanes (2,
3 and 4). The cluster of bands between 7 and 11 mm is the casein, but it is difficult to assess
accurately the exact MW of the bands in the overloaded lanes. (6)
Table 2. Estimation of MW of bands and correspondence to Casein.

Protein
Casein α-s1 and α-s2
β-casein
κ-casein
𝛽-lactoglobulin

MWknown (kD)
32 ± 2
30 ± 2
27 ± 2
18.3

MWestimate (kD)
31 ± 2
28 ± 2
25 ± 2
18 ± 2

The computed MW of the bands from the gels is shown in column 3 of Table 2.
The error is determined based on the average and standard deviation of similar bands
from the skim milk, whole milk, and the casein enriched samples from Figure 1. These
values can be compared to expected MW of the components of casein roughly in the ratio
of 4:4:1. The band identified as b-lactoglobulin is present in the milk samples in spite of
the attempt to enrich the casein component as outlined in Part I of the Methods section.
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III. Analysis of pH Dependency of Standard Casein via SDS-PAGE.
Prior to the gel shown in Figure 3, all casein solutions were in solution at pH 7.4
to 8. In the introduction, based on work reported elsewhere (10), we expect that proteins
will be soluble in acid due to protonation of anionic groups (aspartate, glutamate and
phosphate) at lower pH. Basically, this is not what we expect because curds form in
acidic pH. To test this directly, we diluted a casein stock in buffers that varied in pH from
3 to 13, and observed the trend that the more acidic was the solution, the less soluble was
the casein. In Figure 3 below, notice lanes 1, 2, 3 and 5. They are equivalent casein
concentrations. The issue is that when the casein forms curds, it cannot be pipetted, and
therefore, there is no simple way to get a representative sample of the protein on the gel
for SDS-PAGE analysis. In Figure 3A, notice that lanes 1 and 2 show no casein (pH 3.5
and 4.2, respectively). In Figure 3B, notice that lanes 3 and 4 show casein, with the
observation that at pH 6.4 (lane 3) there is the best banding and most protein apparent.
Regarding lane 13, the protein band is poorly focused, perhaps indicating the stacker
system is not functional when the sample is pH 13. Further, there appears to be less
protein than in lane 3. This could be due to the dysfunctional stacker or less amount of
protein loaded on the gel.
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Figure 3. Analysis of Casein samples at various pH values.

A

B
lane number
sample type

1
casein standard
solution at
pH 3.52

2
casein standard
solution at
pH 4.6

3
casein standard
solution at
pH 6.4

4
casein standard
solution at
pH 13

Panel A. SDS-PAGE Gel of pH Dependency of Casein Standard Solution. SDS-PAGE was done on 5 mg
standard casein dissolved in 5 ml of (A) pH solutions 3.52 and 4.6, and (B) solutions 6.4 and 13. Gel lanes
corresponding to different pH are given in the table below the gel.
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These results also point to the importance of proteases and phosphatases (20) in
acidic stomach, which probably modulate casein so that it becomes soluble in acidic
conditions

and

breaks

down

easer.

Such

modulation

mechanisms

involve

dephosphorylation of casein. It is worth mentioning that results which are not shown in this
work are attempt to simulate digestion in acidic conditions using pepsin as a protease. The
results varied as a function of the experimental set up. It was expected that casein molecular
band pattern would change under the influence of pepsin, however, the gel did not yield
any bands whatsoever due to the formation of curds at the pH in which pepsin is active.
That is why it was important to first determine casein solubility in the acidic environment,
which was not verified by these experiments. Another idea which was not tested in this
experiment is determination of calcium activity of casein in different pH environments. It
is known that integral part to casein is its coordination complex with calcium via its
inorganic phosphate ligands, which form calcium phosphate. (14) As many published
research papers describe, casein in acidic environment starts to denature, thus altering
calcium phosphate bonds to possibly release calcium in the environment. (10) Therefore,
by measuring activity of calcium bonded to casein in different pH solutions, it could be
assessed whether or not casein really self-denatures in the acidic environments and releases
calcium as a byproduct, as the higher the calcium activity, the higher the self- denaturation
of casein and vice versa. This experiment could also be performed under the digestion
conditions to yield similar conclusions.
The next step involved simulating in vitro model for stomach and intestinal
processing of dairy products in adults and infants by creating a pH environment that
corresponds to such conditions. (Figure 4) First, casein standard solubility in 0.25 M
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sodium hydroxide was assessed by comparing molecular band patterns between different
volumetric loads of sample on the gel, then different pH environments were created by
titration of 0.25 M sodium hydroxide solution with 1.75 M acetic acid solution, where
finally casein standard was dissolved to assess molecular band patterns on the gel as pH
dependency of casein. Detailed instructions on titration process and calculations are
presented in Methods and Supplemental Information sections. Additional lanes observed
correspond to series of similar experiments on β-lactoglobulin not described in this
research.
Figure 4. Analysis of Casein Standard

lane number

sample type

1

2

3

4

10 µl load
5 µg casein
standard

5 µl load
2.5 µg casein
standard

2.5 µl load
2.25 µg casein
standard

15 µl load
7.5 µg casein
standard

Analysis of pH Dependency of Casein Standard via SDS-PAGE: Solubility of Casein Standard in
sodium hydroxide. SDS-PAGE was done on four different volumetric loads of casein standard solutions
containing different protein amounts, dissolved in 0.25 M sodium hydroxide solution. This was done to
determine the most suitable volumetric load amount to achieve the best possible visibility and separation of
molecular bands. Sample types corresponding to their well numbers are given in Legend C.

23

The gel shows overall good visibility and separation of the molecular bands
regardless of the volumetric load amount, and supports all conclusions previously
described by containing molecular bands in same migration distance range discussed
previously.
To conclude this section, we illustrated that the level of casein on the gel for
analysis is dependent upon the pH-dependent formation of curds in the sample, and
therefore, inaccuracies in the loading of material on the gel. In order to progress to
development of an in vitro model for the infant and adult stomach, we must establish a gel
assay for proteolysis of substrate (casein and lactoglobulin). The following sections seeks
to establish this protocol.

IV. SDS-PAGE Analysis and Comparison of Skim and Whole Milk Casein and
Casein Standard Solutions Using sodium hydroxide as a Solvent
As observed from the previous results, both skim and whole milk have a common
protein which makes up the bulk of their protein content, and this was suspected to be
casein as the molecular band patterns match between the three samples: skim and whole
milk samples and enriched casein from skim milk (see Figure 1). Also observed in
experimental parts I and II, casein dissolved well in neutral, slightly alkaline (basic)
solutions (pH 7.4 to 8), and solubility was enhanced upon addition of either SDS or urea
(Figure 1). The gel shown in Figure 4 was in a strongly basic solution. The advantage of
using such an extreme condition for a gel assay is that it would also quench the activity of
pepsin and trypsin, once we reach the point of developing the in vitro model for infant and
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adults protein digestion. Additionally, for the purposes of series of similar experiments, βlactoglobulin standard samples were also run on the gel. Observed overload of the lane to
the right of lane 3 suggests that concentration of this protein is higher in this sample
compared to lanes on its right or lane on the right side of lane 4. However, pH dependency
of β-lactoglobulin is not discussed in this research.
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Figure 5. Solubility and electrophoresis of Casein in NaOH.

SDS-PAGE Legend B
lane number
1

sample type

molecular
ladder

2
casein
standard

3

4

whole milk
casein

skim milk
casein

SDS-PAGE Analysis and Comparison of Skim and Whole Milk Caseins and Casein Standard Solutions
Using 0.25 M sodium hydroxide solution as a Solvent. SDS-PAGE was done on casein standard, whole
and skim milk casein samples at increasing protein loading from left to right in each subsection. Sample types
corresponding to their lane numbers are given in Legend B.

The resulting gel shows great overall band separation, as clear single molecular
bands from each well were be observed and recorded for further analysis. Results from the
Figure 5 suggest that protein samples from whole and skim milk samples are casein, which
supports the results from part II that skim and whole milk have a common protein which
makes a bulk of their protein content. To support this conclusion, comparison between
Figures 1 shows that the removal of fat from the milk did not affect the distribution of
protein samples, as molecular bands of casein coming from two sources (skim and whole
milk) were not distorted in the comparison with the molecular bands of casein standard on
26

the gel. (Figures 1A and B). Then, these observations along with the Figure 4 suggest that
molecular bands corresponding to migration distances of 8, 10, and 14 mm definitely
correspond to casein bands.
The striking result of this section is that the casein proteins electrophoresed in
regular and stacked bands although they were in a very high pH buffer. The only
explanation is that the loading buffer neutralized the extreme pH of these loading solutions.
This result is in contradiction of data in lane 4 of Figure 3 in which the casein band was
diffuse and not well stacked. We calculated the buffering strength of the loading buffer
and do not predict that it would overcome the level of base in the sample. This raises the
interesting question of whether the casein standard acidifies the solution such that when
dissolved in base, it neutralizes the solution. This effect is observed for highly acidic,
lyophilized proteins.
In conclusion, this work reports the initial experiments to develop a gel assay for
casein (and lactoglobulin) for further application in an in vitro model of infant and adult
digestion of proteins. We found that skim and whole milk caseins are structurally the same
and not influenced by fat content in milk, and that both experimental and commercial
caseins dissolve well in urea binding buffer, SDS, and sodium hydroxide, and not well in
acetic acid. Additionally, experimentally enriched caseins were characterized via their
molecular weights on the gel using their molecular bands corresponding to four different
casein types We find the gels will accurately demonstrate the relative abundance of proteins
in well stacked bands even at the very basic pHs required to solubilize the proteins and to
quench protease activity. Further work will use this gel assay to test the susceptibility of
casein and lactoglobulin to proteolytic digestion.
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